A recursive multisector dynamic computable general equilibrium (DCGE) model simulates the economic impacts of carbon tariffs, as proposed by the USA, ranging from $40/t to $60/t CO 2 . We examine a carbon tax and export subsidy as response policies to the U.S. carbon tariff, respectively. The dynamic model shows the possible impacts of these policies on China's economic structure, carbon emissions, and social welfare from 2020 to 2030. Simulations show that a carbon tariff changes the structure of China's exports and promotes trade diversion from the USA to other countries and regions. A domestic carbon tax and subsidy policy can dampen the adverse impacts of carbon tariffs on trade. A carbon tax shows an effective impact on increasing clean energy use, decreasing the carbon intensity of output, and reducing carbon emissions. A subsidy on exports to the USA reduces the adverse impact of a carbon tariff on China's social welfare in the short term.
Introduction
In 2007, Chirac, the former French president, put forward the concept of "carbon tariffs". In 2009, the US House of Representatives passed the "American Clean Energy Security Act" of 2009 [1] , resulting in a carbon tariff on imports from countries without a carbon emission reductions policy from 2020. Although this bill never made it to the Senate floor, U.S. would not need to be carbon motivated to impose additional tax on imports from China based on the recent "China-U.S. trade war". Actually, the U.S. has put forward "the Energy Innovation and Carbon Dividend Act", which can be taken as carbon tariffs. Carbon tariffs are likely to impact economic structure and trade patterns, especially for developing countries that export carbon intensive goods.
China, the largest developing country, has overtaken the U.S. to be the biggest carbon emitter since 2007. In recent years, the frequent occurrence of smog and extreme weather has made society aware of the importance and urgency of low-carbon development. Therefore, China is still exploring an emission reduction policy to deal with environmental issues caused by rapid industrialization and urbanization. As an important trading partner, the total export-import volume between China and the U.S. in 2017 is more than $583.68 billion, accounting for 14.21% of China's total trading. Therefore, the impacts of the U.S. trade policy on China should not be underestimated. Therefore, how to formulate appropriate response policies to the U.S. carbon tariff is an urgent problem.
The Computable General Equilibrium (CGE) model, based on the general equilibrium theory of Walras [2] , describes the relationship between the supply, demand, and price of the entire economy framework. It is driven by the price mechanism to investigate the influence of an exogenous disturbance on the economic system and other economic variables under the transition from one equilibrium state to another. At present, the CGE model has been popularly applied for policy analyses involving economy and trade, climate change, tax reform, energy conservation, and so on. A recursive dynamic CGE model, compared to the static model, has the advantage that it can study the accumulated effect for policy simulation. Therefore, this paper uses a multisector dynamic CGE model to simulate the effects of U.S. carbon tariffs on China's economic structure, carbon emissions and social welfare from 2020 to 2030. We provide the results of implementing a domestic carbon tax and export subsidy as possible responses to a carbon tariff. The paper is organized as follows. Section 2 presents a brief literature review. Section 3 introduces the CGE model and the data sources. Section 4 introduces the model-based simulation results. Further discussion is presented in Section 5. Finally, Section 6 presents conclusions and policy recommendations.
Literature
To discourage emission leakage and unfair competition aroused by different carbon emission level worldwide, Rocchi et al. [3] simulated carbon tariffs applied by the European Union (EU) based on avoided emissions and embodied emissions, respectively. The comparison of results suggests that carbon tariffs based on avoided emissions would have a smaller impact on most of the countries, especially on developing countries. However, there is a big debate on the legality of carbon tariffs. From the qualitative perspective, Shen [4] analyzed the legality of carbon tariffs based on all the aspects of the principle of multilateral environmental convention, the fundamental principles and the environment exception clause of the WTO, as well as its dispute settlement practice, and found that carbon tariffs levied by the USA are inconsistent with multilateral laws. From a quantitative perspective, Lin and Li [5] applied a multination CGE model and found that carbon tariffs will be unreasonable from the four perspectives of welfare, competitiveness, national output, and carbon emissions. Studies on potential impacts of carbon tariffs, in recent years, have been explored. Dong and Whalley [6] built a multiregional CGE model to investigate the impacts of the EU's and US's carbon tariffs on China, and they found that carbon tariffs will be negative to China's economy. Carbon tariffs also show to adversely impact other developing economies, such as Brazil and India [7, 8] . Wu and Wang [9] , when building a CGE model, found that the negative effects of the U.S. carbon tariffs will extend to all industries, but highly focused on smelting and pressing of ferrous metals and the mining and washing of coal. Majocchi and Missaglia [10] , using a CGE model to simulate the carbon emission reduction effect of carbon tariffs, found that carbon tariffs can effectively improve the environment of the 15 member countries of the EU without negative effect on economy. They concluded that carbon tariffs can achieve "double dividend" (better environment, less economic loss). However, some research finds the effect of carbon tariffs on reducing global emissions to be small (e.g., Hübler [11] ; Fischer and Fox [12] ). Kuik and Hofkes [13] built a multisector and multiregion CGE model to examine the impact of carbon tariffs in the EU emission trading scheme (ETS) market, and found that carbon tariffs might reduce sectoral leakage rate forcefully, including the iron and steel industry, but the reduction of the macro leakage rate would be modest. Based on the results from above studies, there is still a large uncertainty in economic and environmental effects of carbon tariffs.
In addition, some other environmental policies have also been broadly explored, such as carbon taxation, ETS, energy taxation, and subsidy policies for renewable energy. The uniform conclusion in the current studies is that a carbon tax exhibits a superior mechanism for reducing carbon emissions (e.g., Xu and Zhang [14] ; Xu et al. [15] ). Zhang and Zhang [16] , applying a CGE model, confirmed a remarkable impact of a carbon tax policy on carbon emissions and economic welfare in China's tourism industry. They also pointed out that the impacts of various carbon taxes on different sectors at different times would be quite diverse. A carbon tax contributes to a decline in worldwide welfare (Wesseh et al. [17] ). Conclusions on economic effects of a carbon tax are mixed. Some authors argued that a carbon tax may slow down economic growth (e.g., Wei et al. [18] ; Dong et al. [19] ), whereas Lu et al. [20] and Liu and Lu [21] found that carbon taxes have a limited effect on economy. The economic and environmental impacts of ETS have been widely discussed. Zhang and Wei [22] and Zhang et al. [23] provided evidence that ETS is an important mechanism for reducing greenhouse gas emissions worldwide. Zhang et al. [24] and Wang et al. [25] , based on the experience of seven pilots in China, found that ETS has a potential to increase economic growth. The EU Emissions Trading Scheme (EU ETS) as the largest multinational carbon market plays as significant role in slowing climate change. Martin et al. [26] reviewed the recent literature on the EU ETS, and they found that the EU ETS has a negative impact on carbon emissions, but empirical results cannot support that the EU ETS strongly diminishes the economy. From the perspective of micro firms, Oestreich and Tsiakas [27] explored the impact of the EU ETS on stock returns based on an empirical investigation. Their results show is a significant carbon premium in stock returns. In December 2017, the national ETS in China was firstly imposed on power production sector. Lin and Jia [28] based on a CGE model found that China's national ETS market is effective to reduce carbon emissions. The distributional effects of energy taxes levying on transport fuels, heating fuels and electricity are different [29] . Total factor productivity (TFP) can be influenced by changes in energy taxation [30] . Higher tax rate results in negative marginal effect on TFP [31] . Rocchi et al. [32] found that only little economic cost is caused by energy taxation in EU 27 countries. Energy tax can improve environment while cannot influence output level, which points to no existence in the double dividend effect of energy taxation [33] . Subsidy policies, to some extent, promote the development of renewable energy and bring environmental benefits [34] . The optimal subsidy to renewable energy is designed according to the project value and threshold value [35] , while also maximizing the Government's expected policy benefits [36] . Murray et al. [37] focused on the possible largest subsidies for US renewable energy to explore the effect of GHG emissions abatement. Unfortunately, subsidies for renewable energy have very small effects on US GHG emissions.
However, considering that China's responses to carbon tariffs is seldom mentioned in the existing literature, Liang et al. [38] , Dissou and Karnizova [39] , Eyland and Zaccour [40] , Dong et al. [41] , and Qu and Wu [42] compared the different impacts of a carbon tariff and carbon tax, but did not take a carbon tariff as a response policy. However, the researches of Zhu [43] and Jiang [44] are similar to our study. They found that carbon tariffs would reduce China's GDP and welfare, and the effect of carbon emissions will be limited, but implementing a carbon tax would effectively cope with the threat of carbon tariffs. The game theoretic models of Yang and Wei [45] , Zhan [46] , and Hou et al. [47] show that export subsidies as a response policy to carbon tariffs could improve international competitiveness and the optimal rate of export subsidies should increase with the carbon tariff rate.
Although the effects of carbon tariffs on the economy and emission reduction have been studied several, shortcomings remain. First, few studies have considered China's response to a U.S. carbon tariff, such as a domestic carbon tax and export subsidy. The structural effects of carbon tariffs on trade, output and energy have yet to be extensively analyzed. Second, static CGE models by their very nature provide limited insights into the long-term effects of policy. Furthermore, the assumptions of some models deviate from reality, particularly the small country assumption used in the case of China. Studies that use game theory to study China's export subsidy policy rarely use CGE models.
Methodology and Data Resources

Model Construction
In order to fully study the long-term impacts of a carbon tariff, we construct a recursive DCGE model. The basic framework can be founded in Figure 1 . There are 21 sectors, including 13 non-energy sectors (sector 1: Primary industry; sector 2: Mining industry; sector 3: Food manufacturing and tobacco processing industry; sector 4: Textile and products industry; sector 5: Wood-processing, paper, and printing industry; sector 6: Chemical industry; sector 7: Nonmetallic mineral production industry; sector 8: Metal smelting and production industry; sector 9: Machinery and equipment manufacturing; sector 10: Communications, instrumentation and other equipment manufacturing; sector 11: Construction; sector 12: Transportation, storage, and post; and sector 13: Other services) and eight energy sectors (sector 14: Coal mining and selection; sector 15: Coking industry; sector 16: Oil exploitation industry; sector 17: Oil and nuclear fuel processing industry; sector 18: Gas exploration industry; sector 19: Gas production and supply; sector 20: Thermal power; and sector 21: Clean energy). The basic consumptions and equations on the five modules of production, institutions, balance and closure, dynamics and welfare can be found in Xu et al. [48] . As a modification and extension, the other two modules-trade and carbon tariffs-are specifically introduced as follows. 
Trade
In contrast to earlier studies, we assume that China can impact international prices [49] , which is shown in Equations (1) and (2) , where pwe c and QE c represent the world export price and exports, respectively; pwe0 c and QE0 c are the corresponding initial values; ρ QQ a is the substitution elasticity parameter between demand for domestic production and imports; pwm c and QM c represent the world import price and imports, respectively; pwm0 c and QM0 c are corresponding initial values; and ρ CET c is the substitution elasticity parameter between demand for domestic production and exports; the subscript c represents 21 commodities.
The relationship between domestic consumption and imports follows a constant elasticity of substitution function (CES), and these two cannot be completely substituted, as shown in Equation (3) . Where QQ c is the commodity quantity in the domestic market; QD c is the demand for domestic production; PD c is the corresponding price; PM c is the import price in local currency; α 
Imports from USA, Japan (JAP), EU(The EU includes the UK in this study because the data were obtained before 2016), and the rest of the world (ROW) follow a CES function as shown in Equation (4), where QMs r,c and PMs r,c denote China's imports from region r and the corresponding price in local currency, respectively; α M r,c is the scale parameter; δ M r,c is the share parameter, r δ M r,c = 1; and ρ M c is the substitution elasticity parameter between imports from different regions; the subscript r represents four regions. min r QMs r,c · PMs r,c
In addition, gross domestic output allocated between exports and domestic goods is described by a constant-elasticity-of-transformation (CET) function, and exports to the USA, JAP, EU, and ROW are also described by a CET function.
Carbon Tariffs
Three ways are mainly used to calculate carbon emissions recently. Carbon emission coefficients from "Handbook of energy and economic statistics in Japan" are directly used to calculate carbon emissions [50] . Studies also use carbon emissions from each fuel combustion published in "International Energy Statistics" and data of fuel consumption to calculate emission coefficients. Different from these two methodologies, the Intergovernmental Panel on Climate Change (IPCC), based on carbon content of each fuel carbon, calculates emission coefficients (published in "Guidelines for National Greenhouse Gas Inventories") [51] , which are more popular used in current studies. In this paper, we apply the third methodology. First, we transfer the unit of fossil fuels use from tonne (t) to tonne coal equivalent (tce) based on the China's National Energy Statistic Book [52] . Then, we use the emission coefficients of six types of fuels obtained from the IPCC (2006) to calculate the carbon emissions ( EMCO2 a ), as shown in Equation (5) . To transfer the cost of carbon emissions to output, we use Equation (6) to represent carbon emissions per unit output ( Cem c ).
where QED f ossil,a is the energy consumption; a f ossil and b f ossil are the coefficients for converting energy into standard coal and carbon emissions, respectively; sax a,c is a unit matrix; and f ossil represents six fossil fuels. Equation (7) describes the price changes of China's exports to the USA based on the carbon content of exports. It is assumed that the carbon tariff rate ( bct) is levied on the carbon content of unit export to the USA. The price of exports to the USA ( PEs c,usa ) adds an additional carbon emission cost, where EXR is the exchange rate.
Equations (8)-(10) describe the China's carbon tax policy. We assume that a carbon tax (CTAX a ) is calculated by unit carbon emissions levied at tc, and the specific duties are converted to ad valorem duties, as shown in Equations (8) and (9) . The carbon tax rate for each fossil fuel ( t f ossil ) is calculated according to Equation (9) . Thus, the equations in the sixth layer of the production module are adjusted by transforming every fossil fuel price from PQ f ossil to 1 + t f ossil ·PQ f ossil . In addition, a carbon tax is added to government revenue ( YG) as shown in Equation (10) . Where QQ f ossil is the quantity of each fossil fuel in the domestic market; PQ f ossil is the corresponding price; and TIND, TYH, TENT, Trans f rgrow, and TIMP are the indirect tax, resident income tax, enterprise income tax, foreign transfer payments, and import tax, respectively.
An indirect subsidy for exports to the USA is provided by the Chinese government. As shown in Equation (11), the subsidy rate (esub) is directed at reducing the carbon tariff rate on exports to the USA, whereas the subsidy policy leads to increased government spending (EG) in Equation (12) . Where PQ c is the commodity price; QG c is the government's commodity consumption; Trans f rhg and YWG are transfer payments to households and foreign aid, respectively; and QEs c,usa . denotes the quantity of exports to the USA.
Data Sources and Parameter Setting
A Social Accounting Matrix (SAM) is derived from China's input-output table of China Statistical Yearbook [53] . The 21 sectors were split and combined with China's extended input-output table. For example, the extraction of petroleum and natural gas was divided into oil exploitation industry and gas exploration industry based on their annual energy consumption ratios; production and supply of electric power and heat power was split into thermal power and clean energy based on their percentages of total power generation [52] . Household capital income, government transfer to residents, foreign transfer to residents came from the China Finance Yearbook [54] . Data regarding household savings, household income tax, and enterprise tax came from the China Finance Yearbook. Enterprise capital income was obtained using the row-sum and column-sum equality rule. Government tax income and savings were taken from the China Statistical Yearbook. Other data such as household labor income, the government consumption, and inventory fluctuation were from China's input-output table. The proposed capital gains and foreign saving of different countries and regions came from the China Customs Statistics Yearbook [55] ), UNCOMTRADE database, and GTAP version 9 database statistics.
Endogenous parameters, such as share parameters for production functions, Armington functions, and CET functions, as well as transformation parameters, miscellaneous tax rates, and propensities to consume, were determined by calibration. Benchmark data from the SAM were used to calculate the unknown parameters. The exogenous parameters were obtained from previous studies [50, 56, 57] and adjusted in our model, including the miscellaneous substitution elasticities, carbon emission factors, total factor productivity, and the rate of population growth. Some exogenous parameters, such as total factor productivity, were difficult to obtain, so we used the historical simulation method [58] . Standard coal conversion coefficients for fossil fuels and carbon emission coefficients were obtained from China's Energy Statistics Yearbook and the Guidelines for National Greenhouse Gas Inventories, respectively.
Scenario Simulation Results
As shown in Table 1 , we examined the economic impacts of three fiscal policies.
(1) Single carbon tariffs policy. In Scenarios 1-1 to 1-3, a carbon tariff is implemented by the USA on the carbon content of imports from China at $40, 50, 60/t CO 2 from 2020 to 2030 [38, 59] . A carbon tax and an export subsidy are response policies to the U.S. carbon tariff, so there are two kinds of policy combinations as follow. 
Trade Structure
To better understand the impacts of policies on China's trade structure, we incorporate three terms of regional export structure, commodity export structure, and foreign trade dependence into our analysis. 4.1.1. Regional Export Structure Regional export structure is the proportion of China's total exports to the USA, JAP, EU, and ROW. The three policies promote a diversion of China's exports to other countries and regions instead of the USA. The degree of "trade diversion" increases with the carbon tariff rate. However, the impact of these three policies on China's regional export structure differs over time.
The impact of $50 carbon tariffs levied by the USA on China's regional export structure can be found in the Table A1 in Appendix A. For example, the proportion of exports from the oil and nuclear fuel processing industry to the USA drops by 32% in 2020, declining to 15% in 2030. Trade diversion is not evident in non-export-oriented sectors. Exports to JAP, EU, and ROW are unchanged due to weaker elasticity of demand for such goods in JAP, EU, and ROW. The global demand for goods, such as from coal mining and selection and the oil exploitation industry, is more inelastic. Overall, the net impact of a carbon tariff is to reduce China's trade balance. When the carbon tariff rate increases from $40 to $60, the influence on China's regional export structure is more obvious.
An increase in the carbon tax rate leads to a stepwise reduction in the proportion of exports to the USA. It is worth noting that the decrease in machinery and equipment manufacturing exports to the USA arises because of high-energy and high-pollution content. Exports of most commodities to other countries and regions increase under the carbon tax regime. When the carbon tax rate is fixed, raising the carbon tariff rate has a greater impact on China's regional export structure, promoting trade diversion than a carbon tax. However, a domestic carbon tax reduces the impact of a carbon tariff on China's regional export structure.
If China were to implement a subsidy rate at $5 and the US increased the carbon tariff rate from $40 to $60, the regional export structure will change dramatically. If the carbon tariff is fixed, then raising the rate of export subsidy will weaken trade diversion. Compared with single carbon tariffs policy, subsidy policy combination will have a more obvious impact in the early stage of a carbon tariff implementation. However, in the long-term, the effects of subsidy policy combination and tax policy combination on China's regional export structure are similar, because carbon tariffs play a dominant economic role.
Commodity Export Structure
Commodity export structure is the proportion of different commodity exports among the total exports. For example, if we set the carbon tariff at $50 (Figure 2a ) we find a downward trend in the proportion of exports from coal mining and selection; machinery and equipment manufacturing; and communications. The main reason is that these sectors are energy intensive. A carbon tariff has a greater impact on primary industries because of higher elasticity of demand and a high proportion exported to the USA. When raising the rate from $40 to $60, a carbon tariff will have a more evident impact on China's commodity export structure involving more sectors, including the textile and products industry; wood-processing, paper, and printing industry; and transportation, storage, and post. A carbon tariff is expected to change China's commodity export structure and the degree of influence is positively correlated with the rate.
The proportions of most commodity exports decline in all tax policy combination scenarios. Compared with the single carbon tariffs, taking Scenarios 2-4, 2-5, and 2-6 as examples (Figure 2b) , tax policy combination is more effective in influencing exports. For example, a carbon tax reduces the adverse effect of carbon tariffs on the mining industry, chemical industry and metal smelting industry. A carbon tax increases domestic commodity production costs, especially for energy intensive goods, causing a reduction in production and export. Furthermore, when the carbon tax rate is $5 or $10, raising the carbon tariff rate will decrease some exports; but, when the rate is $15, raising carbon tariffs will not influence on China's commodity export structure. However, in Scenarios 2-4, 2-5, and 2-6, it can be found that the higher of the carbon tax rate, the more obvious changes in China's commodity export structure. In general, a carbon tax reduces the impact of carbon tariffs on China's export structure.
Combining a carbon tariff imposed by the US with a subsidy implemented by China, in response, results in a similar trend in commodity export structure. In Scenarios 3-4, 3-5, 3-6 ( Figure 2c ), when the carbon tariff rate is fixed at $50, increasing the export subsidy will reduce the range of China's commodity export structure in 2030. Compared with tax policy combination, subsidy policy combination only has less impact on minority sectors. Generally, the export subsidy policy eases the impact of carbon tariffs, but does not result in an adjustment to commodity exports.
In the three fiscal policy scenarios, the production and exports of energy intensive sectors, such as machinery and equipment manufacturing and communications, decrease obviously, whereas the magnitude of changes in sectors such as other services and clean energy is slight. Environmental policies result in a great loss for energy-intensive sectors. 
Foreign Trade Dependence
Foreign trade dependence is the proportion of export and import values relative to GDP. Export dependence is the proportion of export value relative to GDP. As shown in Figure 3a -c, the trends in foreign trade dependence are similar for the single carbon tariffs and subsidy policy combination. However, subsidy policy combination has a lower effect on foreign trade dependence and export dependence than the single carbon tariffs because an export subsidy reduces the impact of carbon tariffs and compensates for the trade loss caused by carbon tariffs.
Foreign trade dependence and export dependence decline dramatically by levying a carbon tax during the initial period (2020-2023), increasing slightly in 2026 and then declining through 2030. This is due to the following. The initial carbon tax will increase production costs, resulting in an adjustment to output structure and gains in productivity. A carbon tax and a carbon tariff increase export costs resulting in a reduction in exports. Compared with Scenarios 2-1, 2-4, and 2-7; Scenarios 2-2, 2-5, and 2-8; or Scenarios 2-3, 2-6, and 2-9 show that when the carbon tax rate is fixed, increasing the carbon tariff increases China's foreign trade and export dependence because carbon tariffs play a more prominent role in reducing GDP. Compared with the single carbon tariffs (Figure 3a ), tax policy combination shows a very different trend. The main reason is that a carbon tax plays a predominant role in China's trade, and even trade diversion cannot make up for the trade loss caused by the decline exports to the USA. 
Carbon Emissions
As shown in Figure 4a -c, all simulations result in lower carbon emissions, but there are big differences in the degree of change. Additionally, the initial change of carbon intensity is negative, but there is a positive change in later periods, as is the case for all schemes. Figure 4a shows that higher single carbon tariffs result in lower carbon emissions and carbon intensity. Figure 4b shows similar results for tax policy combination although the magnitude decreases year by year. The reasons are as follows. Under the double pressure of a carbon tax and a carbon tariff, enterprises adjust their energy consumption reducing the share of gas and coal and increasing their use of clean energy. Enterprises will also increase energy efficiency, reducing energy consumption and the production of high-pollution goods. Improvements in production efficiency result in a rebound effect that leads to more energy consumption. In addition, compared with Scenarios 2-1, 2-4, and 2-7; Scenarios 2-2, 2-5, and 2-8; and Scenarios 2-3, 2-6, and 2-9, we find that when the carbon tax is fixed, the increase of carbon tariffs will have no obvious effect on reducing carbon emissions and carbon intensity. A carbon tax is more effective in reducing emissions than a carbon tariff. Figure 4c shows that subsidy policy combination will reduce carbon emissions, but the reductions decrease year after year, and the effect on carbon intensity is not obvious. This policy is inferior to the other two policies. The subsidy policy is not conducive to reducing carbon intensity, but has a similar trend with single carbon tariffs policy. The effect of tax policy combination on reducing carbon emissions and carbon intensity is superior to subsidy policy combination.
The decrease in carbon emissions for each scenario attributes to the improvement of energy structure. As shown in Figure 5a , the proportion of coal utilization decreases during 2020 to 2030. A carbon tariff influences China's energy structure and impacts fossil fuels to a greater degree, particularly as the tax rate increases. Tax policy combination will bring about great changes in China's energy structure. Figure 5b shows a decrease in the proportion of gas and coal consumption. On the other hand, changes in oil, thermal power and clean energy shares increase, but the rising trend of oil will decline over later years, and a change in clean power share will increase. Compared with single carbon tariffs policy, the tax policy combination markedly reduces the share of coal. Furthermore, compared with Scenarios 2-1, 2-4, and 2-7; Scenarios 2-2, 2-5, and 2-8; and Scenarios 2-3, 2-6, and 2-9, we find that when the carbon tax rate is fixed at $5 or $10, the increase in carbon tariffs reduces the proportion of all energy consumption. When the carbon tax rate increases to $15, increasing the carbon tariff rate will not improve energy structure, confirming the dominant role of a carbon tax in reducing fossil fuel consumption. Figure 5c shows that changes in energy structure influenced by subsidy policy combination exhibit similar trends to those associated with the single carbon tariffs, but there will be differences in the range of changes, especially in the proportion of coal consumption. When the carbon tariff rate is fixed, the change of energy structure will decrease with the increase in the rate of export subsidy. Compared with Scenarios 3-1, 3-4, and 3-7; Scenarios 3-2, 3-5, and 3-8; and Scenarios 3-3, 3-6, and 3-9, we found that raising the carbon tariff rate would improve energy structure, but an export subsidy reduces the effect.
Social Welfare
As shown in Figure 6a -c, the changes in these three kinds of simulation schemes have a similar impact on welfare. A carbon tariff reduces commodity consumption and decreases welfare level dramatically. However, in the long-term, the adverse effect of a carbon tariff will slow down over time and recover. This is because Chinese enterprises will optimize their production by adjusting the structure of energy consumption, improve production efficiency, and price changes stabilize. In terms of impacts on China's energy prices, the domestic carbon tax is most obvious, so the changes in social welfare in the early stage will be greatest. Implementing an export subsidy policy in the short term will reduce the adverse impact of a carbon tariff on social welfare, but in the long-term the policy has little effect. Generally, subsidy policy combination is superior to single carbon tariffs policy, but inferior to the tax policy.
In Scenarios 1-1, 1-2, and 1-3, we find that a single carbon tariff reduces the level of social welfare, and the reduction increases with the carbon tariff rate. Comparing Scenarios 2-1, 2-4, and 2-7; Scenarios 2-2, 2-5, and 2-8; Scenarios 2-3, 2-6, and 2-9, when the carbon tax rate is fixed at $5 or $10, raising the carbon tariff rate will reduce welfare, but when the rate is fixed at $15, the welfare level is relatively stable. It shows that China can levy an appropriate carbon tax, increasing fiscal revenue at the same time. If this income can be used rationally, it would improve social welfare. Comparison of Scenarios 3-1, 3-2, and 3-3; Scenarios 3-4, 3-5, and 3-6; or Scenarios 3-7, 3-8, and 3-9, we can find that, under the same carbon tariff rate level, the impact of increasing export subsidy rates on China's welfare level is smaller. 
Discussion
Single carbon tariffs will have a great influence on China's regional export structure and commodity export structure and increase the degree of dependence on trade. The tax rate has a direct impact on China's trade structure leading to price fluctuations in the international market. When the carbon tariff rate is $50, the price of most goods in the international market will show a downward trend, but the decrease declines over years. The reasons are as follows. The cost of exports to the USA will increase, demand in the USA drops, and the equilibrium price of the international market will decline, which will cause a reduction in revenue from exports. Trade diversion will tend to flatten out prices during later periods, a result that is consistent with the conclusions of Xu et al. [48] . However, a carbon tariff will lead to a drop in China's exports to the USA that is not equivalent to the growth in exports elsewhere. Carbon tariffs will have a greater impact on commodity exports. Export shares of high-energy and high-pollution goods will decline over time.
The carbon tariff imposed by the USA will increase China's foreign trade dependence and export dependence. Figure 7 shows that carbon tariffs will reduce China's exports scale, whereas the impact of carbon tariffs on China's GDP will be even more obvious. This is mainly because the decline in export prices will affect China's economy from the perspective of supply and demand. First, the decline of export prices will lead to a decrease in export interest, leading to a lack of export power, and then goods will be transferred to the domestic market, namely, the supply side has an alternative effect; second, a carbon tariff will lead to a drop in export prices, as well as a decline in China's domestic income and a lack of demand power, namely, the demand side generates income effects. Increases in the carbon tariff rate contribute to a more pronounced adverse effect on the domestic economy. Tax policy combination improves China's regional export structure and commodity export structure, decreasing China's foreign trade dependence and export dependence. Trade diversion is still evident with scenarios of tax policy combinations. With the higher domestic carbon tax rate, the carbon content of China's export commodities is reduced, mitigating the impact of carbon tariffs on regional export structure. The domestic carbon tax is expected to decrease output and export shares of high-carbon sectors. A carbon tax and a carbon tariff combine to increase export costs. When the domestic carbon tax is fixed, increasing the carbon tariff results in a downward trend in China's commodity export structure. Tax policy combination inhibits the growth of foreign trade dependence and export dependence because the carbon tax increases production costs and enterprises adjust their energy structure and output structure accordingly.
The subsidy policy reduces the impacts of a carbon tariff on China's trade structure. Trade diversion occurs because the carbon tariff rate is higher than the export subsidy. Thus, carbon tariffs operating within subsidy policy combination result in trends similar to those associated with the single carbon tariffs. The export subsidy reduces the impact on carbon intensive industry and increases foreign trade and export. The export subsidy alleviates the impact of carbon tariffs on the international market, reduces trade shocks, and to a degree makes up the trade loss caused by carbon tariffs. Therefore, an export subsidy contributes to stabilizing China's trade development in the presence of a carbon tariff.
Compared with the single carbon tariffs policy, tax policy combination results in energy substitution more effectively, due to a pronounced impact on energy price as reported by Rivers and Schaufele [61] . Raising the carbon tax leads to a decline in output in most sectors, including high export sectors, sectors providing raw material or services, and high-energy consumption and high pollution sectors.
Although subsidy policy combination to a certain extent changes the structure of China's energy consumption, compared with single carbon tariffs policy and tax policy combination, the effect is weakest. First, it indicates that the export subsidy policy would reduce the effects of carbon tariffs on China's energy structure. However, the export subsidy policy does not contribute to gains in energy efficiency, emission reduction and output adjustments in the long-term. Moreover, it also increases government expenditure and contributes to lower welfare. However, there might be merits associated with the strategic implementation of export subsidies to some sectors [62] .
The single carbon tariffs policy reduces China's carbon emissions and carbon intensity. For a long time, China's coal consumption ratio has always been high, and the proportion of fossil energy (coal, oil and natural gas) consumption has remained at~70%. Compared with other fossil energy, coal has the largest carbon emission factor. Therefore, reducing coal consumption plays a key role in reducing carbon emissions. However, at $60 a carbon tariff will have little effect on reducing carbon intensity and carbon emissions, a result that is consistent with Bao et al. [59] and Dong et al. [41] . Tax policy combination reduces the growth of China's carbon emissions and carbon intensity more effectively than carbon tariffs operating in isolation [43, 44] . The incentives associated with a carbon tax and a carbon tariff encourages enterprises to adjust their energy consumption, increase energy efficiency, and reduce high-energy consumption and high-pollution production. A carbon tax is more effective in reducing carbon emissions because it directly targets carbon in the economy. However, imposing a carbon tariff on exports could act as an incentive for China to implement a carbon tax. Pricing carbon through taxes or trading permits is an important instrument to slow climate change. International coordination around carbon prices has been on the table for years [63] [64] [65] [66] . Although 20% of carbon emissions are priced over 57 jurisdictions according to World Bank [67] , these prices are much lower than the cost to society. Nordhaus [68] examined the climate club approach for international climate policy using the C-DICE economic model. The results show that sanctions against nonparticipants can effectively push them to join a group to reduce greenhouse gas emissions, which is to some extent consistent with the implication from the U.S. carbon tariffs in this study. The export subsidy policy has little effect on the structure of China's trade, output and energy. That is mainly because enterprises' inner incentive to reduce emissions will be insufficient and their external forces to cut emissions will also be weakened.
Single carbon tariffs policy reduces China's social welfare, which is consistent with Ghosh et al. [69] and Li et al. [8] . According to Hicks equivalence, the level of social welfare in China decreases dramatically due to lower household income and consumption. The single carbon tariffs policy impacts production and sales resulting in lower levels of employment. In contrast, our result shows that a domestic carbon tax is of benefit because it reduces the loss caused by carbon tariffs to China's social welfare, which is consistent with the Dong [41] . In addition, a carbon tax increases government revenue. If this revenue is used rationally, it could improve social welfare [70, 71] . We show that the export subsidy policy could alleviate the adverse impact of a carbon tariff on social welfare in the short-run, but in the long-run the policy will be inferior to a carbon tax. Clearly, the export subsidy policy will increase the government expenditure.
To comprehensively evaluate these environmental policies, the stakeholders' different preferences should be taken into account. Nesticò and Sica [72] built an economic evaluation model which is defined for the optimal selection of urban development projects. This model benefits to make a reasonable decision on behalf of both a public and a private nature. The model used in this study needs more improvement by considering the stakeholders' different preferences.
Conclusions and Policy Implications
We use a recursive multisector DCGE model to examine the effects of three policies: single carbon tariffs policy, tax policy combination, and subsidy policy combination. Twenty-one simulations to illustrate the long-term changes of China's economic structure, carbon emissions, and social welfare from 2020 to 2030.
First, all policies promote trade diversion and impact trade structure. However, a domestic carbon tax alleviates the impact of a carbon tariff on China's regional export structure. We show that tax policy combination reduces the proportion energy-intensive exports, improves China's commodity export structure, and reduces foreign trade and export dependence. However, a carbon tax reduces the opportunity for China to develop new markets outside the USA. Subsidy policy combination directly reduces the effects of carbon tariffs by lowering tax rates. However, the impact of subsidy policy combination on China's export trade structure is similar to single carbon tariffs policy, but its influence is weaker than single carbon tariffs policy and tax policy combination.
Second, all of the policies improve China's energy structure by reducing the proportion of coal consumption and increasing the proportion of clean power consumption through the price mechanism. Tax policy combination is most obvious, followed by single carbon tariffs policy, and subsidy policy combination.
Third, a carbon tariff is an effective measure to reduce carbon emissions, and has a negative impact on social welfare. The impact of carbon tariffs on decreasing China's carbon emissions and carbon intensity is inferior to a domestic carbon tax. To some extent, the export subsidy policy could weaken the effects of a carbon tariff. It also stabilizes social welfare in the early stage of carbon tariffs, but its long-term effect is not as good as a carbon tax.
We offer the following policy recommendations. First, the gains in trade diversion from the implementation of carbon tariffs are not equivalent to trade losses. Strengthening China-US trade dependency is not conducive to the development of China's multilateral trade. Therefore, China should focus on advancing multilateral trade. A domestic carbon tax could work to avoid or partially offset the imposition of foreign carbon tariffs and reduce economic losses caused by carbon tariffs. Given the unreasonableness of China's commodity export structure and output structure, government should implement policy and funding to support the development of low carbon sectors.
Second, carbon tariffs will change China's energy structure, but they are not effective in reducing emissions. Therefore, China should adhere to the path of low carbon development, promote scientific and technological innovation, increase the development and support of new energy and encourage use of clean energy. Increasing the share of clean energy in total energy consumption can reverse the risk of energy shortage, improving the energy structure and output structure. Policy could embrace and encourage research investment, technological innovation, and industry-university-research cooperation. Formulating sound and reasonable policy combinations, especially in the face of carbon tariffs, including a carbon tax, carbon emissions trading schemes, and improving energy efficiency, could result in a "double dividend".
If the aim is to reduce emissions then a carbon tax is more effective than a carbon tariff. A carbon tax would signal China's commitment to climate targets, improve international competitiveness, and better position itself within international markets. Lower emissions would also lower costs associated with pollution in densely populated areas. From a practical point of view, governments could pay more attention to the development of emission reduction technologies, like implementing subsidy policy for R&D [47] and promoting corporate emission reduction behavior, which contribute to achieving emission reduction targets and improving the international competitiveness of enterprises.
Third, carbon tariffs reduce social welfare, and government should carefully consider its response to mitigate the adverse effect. An export subsidy is one possible response to imposition of a carbon tariff. This may assist dampen the adverse impact on welfare in the short-run. However, given that environmental quality is a normal good it is likely that a carbon tax policy, comprising an exogenous tariff imposed by the US and a carbon tax, work together to improve social welfare. Notes: Some values are "0" after four digits are retained, which indicates the influence is very small [1]. Sector 19 is not displayed in the table because this sector has no foreign trade [2] .
